A brief description of an improvement of a special evaluation procedure for treatment of data from anisotropic Small-Angle Neutron Scattering (SANS) is presented. A spatial orientation distribution of particles, the improved calculation of a size distribution, the option to fit a data from a sample containing two types of particles as well as the raw-data treatment are the main extensions. The application of the procedure is demonstrated on data taken from investigation of precipitation in single-crystal nickel-base superalloys.
Introduction
Since the first version of the numerical procedure for anisotropic SANS data evaluation was presented , a substantial improvement has been achieved. It was motivated by the need of a detailed evaluation of anisotropic scattering from singlecrystal superalloys (Gilles et al., 1998a; Gilles, Mukherji, Strunz, Wiedenmann & Wahi, 1998; Gilles et al., 1998b) measured by a pinhole facility employing a quasi-monochromatic beam. In what follows, the term "anisotropic" means an azimuthal dependence of the scattered intensity on a 2D position sensitive detector.
Several methods to evaluate anisotropic pinhole SAS data were used in the past (see e.g. Hendricks, Schelten & Schmatz, 1974; Dauger, Fumeron, Guillot & Roth, 1979; Bellet, Royer, Bastie, Lajzerowicz & Legrand, 1992; Fratzl, Langmayr & Paris, 1993) . They are usually restricted to performing 1D cuts through the 2D data. The evaluation procedure presented in this paper is based on real-space modeling and on fitting of the numerically transformed model to the whole measured 2D pattern. This general approach is called Transformed Model Fitting (TMF - Strunz, 1997) in what follows. Due to the limited acceptable computation time, the used model cannot fully copy all the features of a microstructure of a real material; therefore, some simplifications are necessary. On the other hand, there are a number of advantages of the TMF method. Among them are (i) physical basis of the underlying model (i.e. utilization of a priori information on the studied material and physical meaning of fitted parameters) and (ii) single step procedure and no need for stabilization of the solution. TMF enables to model not only in reciprocal but also in real space in certain cases, to use non-analytical functions or binary maps as models and to fit 2D or even 3D data.
Evaluation method for anisotropic SANS
In material science, a SANS experiment alone is seldom used as the only method for investigation of materials. More frequently, the experiment is connected either with some direct imaging method or with a previous partial knowledge of the microstructure. The evaluation can be thus limited to several models which conform with our pre-knowledge.
The first step of the procedure is to create a model in the real space using several parameters. It is built as a binary map in a 3D array. Due to the limited resolution of the experiment, it can be assumed that the scattering intensities from sufficiently distant parts of the sample sum incoherently . Then, the sample is treated as consisting of cubic blocks and the 3D differential SANS cross-section in reciprocal space can be written as a sum of cross-sections from the individual blocks. The block can contain one or more particles.
The number of discrete points in real space, in which the model of one cubic block has to be calculated, is determined by the ratio 2Q max /∆Q where Q max denotes the magnitude of the largest measured scattering vector and ∆Q is the full-width at half maximum (FWHM) of the resolution function (Q=|Q|=|k-k 0 |, where k 0 and k are the wavevectors of incident and scattered neutron, respectively, and |k|=|k 0 |=2π/λ, λ is the wavelength). In the case of SANS, this ratio is relatively small, allowing numerical 3D modeling of one block followed by a 3D Fourier transform into reciprocal space within an acceptable time.
The cubic blocks can be grouped so that each group contains blocks with the same or nearly the same size of particles (the local monodisperse approximation - Pedersen, 1994) , distances between them and so on. The numerical computation of the cross-sections for different sizes followed by their weighted summation then leads to the 3D cross-section of particles having a size distribution.
After extracting 2D cross-section from the 3D function (i.e. its intersection with Ewald-sphere surface), corrections of the modeled 2D scattering pattern are performed. They include correction for multiple scattering (Schelten & Schmatz, 1980) and smearing by the 2D resolution function.
Although the old version of the procedure allowed to evaluate a number of anisotropic structures (Strunz, Zrník, Wiedenmann & Lukáš, 1995; Strunz et al., 1997; Gilles, Mukherji, Strunz, Wiedenmann & Wahi, 1997a; Gilles, Mukherji, Strunz, Wiedenmann and Wahi, 1997b) , it has several drawbacks which sometimes limit its usability. Among them are: (i) one type of particles only, (ii) only one mean orientation of particles possible, orientation distribution only approximated by misorientation around the beam direction, (iii) the size limits of the modeled size distribution do not correspond to the theoretic range of sizes which can be determined from the measurement and (iv) necessary to use an external raw-data treatment to obtain normalized cross-section from the measured intensities.
These inconveniences were recently overcome in the new version of the VAX FORTRAN program. Its scheme is displayed in Fig. 1 . The upper half of the chart describes the modeling and fitting part of the procedure while the bottom half concerns the raw-data treatment which is integrated in the evaluation program.
Some of the improvements are demonstrated on examples taken from our investigations of precipitation in SC16, SCA425, SCB444 or CMSX3 single-crystal Ni-base superalloys. The excellent strength of these technologically important materials originates from the twophase microstructure: they contain γ' precipitates coherently embed-conference papers ded in the γ-phase matrix. After standard heat treatment, the precipitates are of cuboidal form and oriented with edges parallel to the <100> directions. They are often ordered into a three-dimensional grid and these features imply highly anisotropic scattering. The Adding the 2D dΣ/dΩ arrays to the overall dΣ/dΩ of two types of particles 
Figure 1
Scheme of the procedure. measurements presented here were performed at BENSC (HMI Berlin) on facility V4 (Keiderling & Wiedenmann, 1995) .
Improvements of procedure

Two types of particles
The requirement to perform a detailed analysis of some experimental data initiated the development of an option to use two types of particles. After the calculation of the 3D cross-section function of the first particle type, the orientation-distribution calculation is performed. Then, calculations for the second particle type are completed. The two resulting 2D cross-sections are summed and corrections for multiple scattering and resolution smearing are carried out. In such a serial way, two populations of particles inside the sample can be included into the evaluation under the assumption that particles of different types do not intersect.
As an example of the exploitation of the two-particle-type option, the measurement of a solution treated and aged SC16 (Khan & Caron, 1990) sample is presented. After the heat treatment and aging, the single crystal contains a large volume fraction of large γ' precipitates which give rise to the wide SANS intensity streaks along <100> directions (see Fig. 2 ). Additional narrow streaks in certain low-index directions (<111> in the figure) were also detected. This intensity belongs to the large (thickness > 0.4 µm) precipitates of σphase (Gilles et al., 1998a; Gilles, Mukherji, Strunz, Wiedenmann & Wahi, 1998) which is one of the topologically close packed phases. The volume fraction of these precipitates is much lower than 1% and they are "visible" only because of their perfect orientation. Thus the microstructure of the material had to be modeled by two types of particles in order to match the measured 2D curves. While γ' precipitates were modeled by cuboids, the shape of σ-phase particles were best fit by disks oriented perpendicular to the <320> and <111> directions.
Size distribution
Changes have also been implemented to the size-distribution modeling. The distribution of particle volumes in dependence on their size is modeled by a histogram following a simple analytical function (e.g. Gaussian). The histogram has to be calculated within certain limits which should be based on a physical consideration.
A pinhole experiment is usually performed at several sample-todetector distances (SDDs) with corresponding collimations in order to cover the whole Q-range. The anisotropic 2D curves measured at different SDDs have to be evaluated separately due to the different resolution at the various SDDs and -mainly -also for numerical reasons. The relatively small ratio 2Q max /∆Q (determining the number of discrete array points in which the model is calculated) for one SDD and collimation would become very large if Q max of the measurement with the shortest SDD (SDD min ) and ∆Q of the measurement with the largest SDD (SDD max ) were used. Then, the numerical approach would be unacceptable due to the computing time. In fact, it is not necessary to use the smallest ∆Q(SDD max ) and the largest Q max (SDD min ) in the modeling because the information content of the measurement at each particular SDD is exclusively given by its Q max (SDD) and ∆Q(SDD). Therefore, a real-space "window" is automatically ascribed to the measurement at each geometry. Only the part of the size distribution -if requested -for particles within these limits is refined from that particular measurement. The minimum determinable size D min is given by π/Q max (Kostorz, 1979) . This value also roughly corresponds to the realspace increment used for the calculations of the model ∆r=2π/[2(1+∆λ/λ)Q max ], ∆λ is the FWHM of the wavelength distribution used in the experiment. Particles smaller than D min contribute to the nearly flat background of the scattering curve in the Although the size of particles which are bigger than D max or smaller than D min can not be determined, they contribute to the measured scattering curve. The scattering from the small particles can in many cases be approximated by a constant which is added to the incoherent background and fitted together with the other free parameters. The larger particles contribute to the scattered intensity by a curve having a constant slope (the slope can be different for different radial cuts through 2D data). The amplitude of such a curve depends on the specific particle surface. This area can either be fitted or input from previously performed evaluations at lower Q-values. Fig. 3 displays the measured and fitted curves for the CMSX3 sample at two SDDs. The model of precipitate morphology used here was composed of two parts. Because the majority of cuboidal precipitates in the sample have a size above the detection limit, only the size distribution of thicknesses of γ-layers between γ' precipitates was determined. A small volume fraction of small γ' precipitates had also to be added to the overall model in order to obtain a good match of the modeled and measured data at large Q-values. The 4m SDD measurement evaluation was carried out with a specific surface of large particles known from 16 m SDD measurement. Fig. 4 displays the γ-layer thickness distribution from the evaluation of both measurements.
Orientation and orientation distribution
The new version allows modeling of scattering for an arbitrary mean orientation of particles with respect to the incident beam. The curvature of the Ewald-sphere surface is taken into account; i.e. instead of the Q z =0 condition of the condition |k|=|k 0 | is used. In order to demonstrate the importance of the use of the exact elastic-scattering condition for strongly anisotropic structures, Fig. 5 displays a data from SCA425 superalloy (this alloy as well as SCB444 mentioned later were developed in the frame of the Brite Euram Project No. BRPR-CT95-0057) measured at a small SDD. An asymmetric 2D curve is observed for the sample slightly misoriented from a low-index crystallographic direction parallel to the beam.
The modeled 2D cross-section dΣ/dΩ(Q x ,Q y ) is determined by the intersection of the 3D modeled cross-section and the Ewald-sphere surface. According to the particle orientation, the 3D cross-section array should be rotated in reciprocal space before intersecting. In fact, the same effect is achieved when 3D array is fixed but the Ewald sphere is rotated around the reciprocal-space origin. For numerical reasons, the later approach is more effective.
If a spatial orientation distribution of particles is expected, the intersection can be performed in a loop for individual orientations of particles. The resulting 2D functions are summed with a certain weighting. In this way, an orientation distribution around axes of the particle having the mean orientation can be modeled. The basis for the orientation distribution histogram is a simple analytical function (e.g. Gaussian or Lorentzian) modified to take into account e.g. the four-fold symmetry in the case of cuboidal particles.
Moreover, the routine (using the same calculated 3D crosssection array) can be repeated for a set of 2D cross-sections which are equivalent e.g. to the ones measured with the sample rotated around an axis. Up to nine sets of measured 2D curves (i.e. in fact 3D reciprocal-space data) can be fitted together. An example is given in Fig. 6 which demonstrates the option to evaluate 3D data from a rotated single-crystal. The sample was prepared from single-crystal Ni-base superalloy SCB444. The higher scattering along <100> directions is due to the scattering from the large cuboidal precipitates. As in the case of CMSX3, the distribution of thicknesses (mean thickness ≈1400 Å) of γ layer between precipitates was obtained from the model.
Raw-data treatment
At present, no external raw-data treatment is necessary before using the program. The transformation of a measured intensity to crosssection is integrated in the calculations (see Fig. 1 ). All usual corrections are taken into account; some less known ones are included as well (Strunz, Šaroun, Keiderling, Wiedenmann & Przenioslo, 2000) . In certain cases, the precise raw-data treatment can not be done without the knowledge of the total SANS probability p cS . This probability appears in the sample-background part of the rawdata treatment formula and can be either estimated from a transmission measurement or calculated from a model. The later option is used in the program and the properly scaled sample background is added to the 2D scattering curve model. The whole curve is then fitted to the corrected experimental data. This approach allows the evaluation of a measurement performed without the beamstop which extends the information content of the SANS experiment. Fig. 6 displays an example of such a measurement and evaluation. The intensity of the source was sufficiently low (neutron wavelength equal to 19.4 Å) which enabled to remove the beam-stop. The measured and fitted curves match well even for the central part of the scattering curve.
Conclusions
The procedure for the evaluation of anisotropic SANS makes possible the evaluation of a wider variety of data. The new program version extends the advantages mentioned in . The raw-data evaluation part (Strunz, Šaroun, Keiderling, Wiedenmann & Przenioslo, 2000) allows to fit directly to the measured data. The possibility to perform 3D reciprocal-space fitting increases the amount of information which can be obtained for anisotropic arrangement of particles because some effects are invisible under certain sample orientations while they can be detected for others. When modeling the scattering curve for several orientations of the sample, completeness of the physical model can be easily checked. In cases where one particle type is insufficient in describing the measured pattern, a second model can be added. Including the orientation distribution of particles and several orientations of the sample into the evaluation increased the necessary computing time. In some cases, the most time consuming task is the calculation of the orientation distribution rather than carrying out the set of 3D Fourier transforms. When -in addition -two types of particles in the sample exist, the complete fit of a set of several 2D data can take 15 hours on a Digital AlphaStation 500 (VMS operating system). Nevertheless, further progress in the program development and/or a change of the hardware can shorten this time.
The improvements to our data analysis package mentioned in this paper are the most significant but not the only changes which were implemented. Among the others are an improved calculation of the resolution function for smearing and an improved multiple-scattering correction. Although the present procedure is more time-consuming, it more accurately treats anisotropic data when the simplified approaches fail. SANS from a SCB444 superalloy after standard heat treatment at low Qvalues (λ=19.4 Å). The ω rotations around the vertical axis were (a) 0° and (b) -41°. The two curves (together with one more measured for ω = -22.5°) were evaluated in one run of the fitting procedure.
